Abstract. Tumor protein p53 has been intensively studied as a major tumor suppressor. The activation of p53 is associated with various anti-neoplastic functions, including cell senescence, cell cycle arrest, apoptosis and inhibition of angiogenesis. However, the role of p53 in cancer cell chemosensitivity remains unknown. Cholangiocarcinoma cell lines QBC939 and RBE were grown in full-nutrient and nutrient-deprived conditions. The cell lines were treated with 5-fluorouracil or cisplatin and the rate of cell death was determined in these and controls using Cell Counting Kit-8 and microscopy-based methods, including in the presence of autophagy inhibitor 3MA, p53 inhibitor PFT-α or siRNA against p53 or Beclin-1. The present study demonstrated that the inhibition of p53 enhanced the sensitivity to chemotherapeutic agents in nutrient-deprived cholangiocarcinoma cells. Nutrient deprivation-induced autophagy was revealed to be inhibited following inhibition of p53. These data indicate that p53 is important for the activation of autophagy in nutrient-deprived cholangiocarcinoma cells, and thus contributes to cell survival and chemoresistance.
Introduction
Autophagy is a highly conserved lysosomal pathway that is crucial for maintaining cellular homeostasis and cell survival in stress conditions (1) . In the autophagic process, degraded organelles and cytoplasmic proteins are phagocytosed in autophagosomes, double-membrane vesicles, which then fuse with lysosomes to convert them into autolysosomes. Phagocytosis digests material in autolysosomes to amino acids and molecular precursors for cell anabolism. In the majority of cell types, autophagy occurs at low levels to maintain homeostasis and facilitate differentiation and developmental processes (2) . Abnormalities of autophagy may result in disease, including cancer, neurodegeneration, infectious disease and heart disease (3). Emerging evidence suggests that autophagy may contribute to tumor cell resistance to radiation and chemotherapy (4) .
Autophagy may be regulated by various oncogenes (5). Wild-type tumor protein p53 serves a dual role in regulating autophagy depending on its subcellular localization (6) . Autophagy may be induced by p53 via transcription-dependent or independent pathways (7), whereas inhibiting the activity of p53 has also been demonstrated to be sufficient to activate autophagy (8) .
Although activation of p53 is associated with tumor-suppressive functions, including cell senescence, cell cycle arrest, apoptosis and inhibition of angiogenesis (9) , a recent study has illustrated that p53 can also promote cell survival (10) . With reference to its effect in autophagy, it is hypothesized that p53 serves a significant role in cancer cell survival during chemotherapy in specific conditions. In the present study, the role of p53-induced autophagy in nutrient deprivation was explored and the effect of p53 inhibition on chemosensitivity in cholangiocarcinoma cells under nutrient-deprived conditions was examined. Cell viability assay. The measurement of the percentage of viable cells was assessed with a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technology, Inc., Kumamoto, Japan), as previously described (13) . QBC939 and RBE cells were seeded in a 96-well plate at 5x10 3 cells per well. When cell density reached 80%, fresh medium containing 5FU or cisplatin was added to the cells. Cell viability was measured using the CCK-8 assay subsequent to incubation with the drugs for 24 h. Absorbance was measured at 450 nm with a microtiter plate reader.
Suppression of p53 potentiates chemosensitivity in nutrient-deprived cholangiocarcinoma cells via inhibition of autophagy
Western blot analysis. Western blot analysis was performed as described previously (14) using antibodies specific for p53 (cat. no. P9249, Sigma-Aldrich; Merck KGaA-Aldrich; Merck Millipore). QBC939 and RBE cells were cultured in FN or NF media for 24 h. The harvested cells were washed with PBS twice and lysed on ice for 30 min with whole cell extract lysis buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Lysates were centrifuged at 16,099 x g for 10 min at 4˚C and the protein concentration was determined by a bicinchoninic acid kit for Protein Determination (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's protocol. Cell lysates were mixed with loading buffer and heated for 5 min at 100˚C. Protein samples were separated by SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were blocked in blocking buffer (TBS, 0.1% Tween-20 and 5% skimmed milk powder) for 1 h and then incubated overnight at 4˚C with the specific p53 antibody (dilution, 1:1,000). Following three washes in TBS/0.1% Tween-20, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody against rabbit IgG (cat. no. sc-2005; dilution, 1:2,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Following three further washes in TBS/0.1% Tween-20, the membranes were detected by chemiluminescence using Western Blotting Luminol Reagent (Santa Cruz Biotechnology, Inc.).
Transient transfection. Microtubule-associated protein 1A/1B-light chain 3 (LC3) is a commonly used molecular marker for autophagy. Plasmids expressing green fluorescent protein-tagged microtubule-associated protein 1A/1B-light chain 3 (GFP-LC3; Shanghai, China Institute for Biological Sciences, Shanghai, China) were transiently transfected into cholangiocarcinoma cells as previously described (14) . Cells were incubated with cisplatin or fluorouracil (Qilu Pharmaceutical Co., Ltd.) for 3 days and transfected with the GFP-LC3 plasmid. After 24 h, the cells were fixed in 4% paraformaldehyde for 30 min and mounted for confocal microscopy. GFP fluorescence was observed under a confocal microscope (TCS SP8; Leica Microsystems, Inc., Buffalo Grove, IL, USA). Autophagic cells were counted as those that exhibited punctate fluorescence from GFP-LC3.
Cell apoptosis assay. Apoptosis detection by 4' ,6-diamidino-2-phenylindole dihydrochloride (DAPI) staining was performed as described (14) . QBC939 cells cultured with 5FU or cisplatin were fixed in 4% formaldehyde for 20 min at room temperature. Fixed cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min at room temperature. After being washed with PBS, cells were incubated with 1 µg/ml of DAPI for 10 min and then washed three times in PBS. Cell morphology was observed with a fluorescence microscope (Zeiss GmbH, Jena, Germany). Photomicrographs were taken with a digital camera (Olympus Corporation, Tokyo, Japan).
Transmission electron microscopy. Cells were fixed with 2.5% glutaraldehyde in phosphate buffer and stored at 4˚C until embedding. Cells were post-fixed with 1% osmium tetroxide followed by increasing gradient dehydration steps using ethanol and acetone. Cells were subsequently embedded in araldite and ultrathin sections (50-60 nm) were obtained, placed on uncoated copper grids and stained with 3% lead citrate-uranyl acetate. Images were examined with a CM-120 transmission electron microscope (Philips Medical Systems B.V., Eindhoven, The Netherlands).
Small interfering RNA (siRNA) transfection. Beclin-1 is a key protein in the process of autophagy (14) . The Stealth RNAi™ negative control duplex (cat. no. 12935-200) and siRNA duplex oligoribonucleotides targeting human Beclin-1 (cat. no. 1299003) were obtained from Invitrogen (Thermo Fisher Scientific, Inc.) and siRNA-p53 (cat. no. 13750047) from Ambion (Thermo Fisher Scientific, Inc.). The siRNA was transfected into cholangiocarcinoma cells using siRNA Transfection Reagent (cat. no. sc-29528; Santa Cruz, Biotechology, Inc.) according to the manufacturer's protocol.
Statistical analysis.
Values are expressed as the mean ± standard deviation. Statistical analysis between two groups was performed using a Student's t-test, and multiple groups were compared by one-way analysis of variance, using SPSS version 15.0 (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to represent a statistically significant difference.
Results

Nutrient-deprived conditions induce autophagy in cholangiocarcinoma cells.
To confirm the role of autophagy in nutrient-deprived conditions, cholangiocarcinoma cell lines were transfected with GFP-LC3 plasmids following culture for 12 h in FN or NF medium. Fluorescence microscopy results revealed that the NF condition comprised a significantly higher percentage of cells containing GFP puncta (P<0.05) compared with cells grown in the FN medium, which predominantly exhibited a diffuse GFP distribution. Treatment with the autophagy inhibitor 3-methyladenine (3MA) decreased the proportion of cells containing GFP-LC3 puncta among the NF medium-treated QBC939 cells compared with NF treatment alone (48.27-19.24%; Fig. 1A and B) .
Western blot analysis of LC3 revealed that the protein expression level of LC3-II was significantly increased in the nutrient-deprived condition in RBE cells (P<0.05; Fig. 1C ).
Furthermore, electron microscopy analysis demonstrated that the number of observable autophagosomes in EBSS-treated cholangiocarcinoma cells increased ( Fig. 1D and E) . Taken together, these observations suggest that autophagy may be activated by nutrient-deprived conditions in cholangiocarcinoma cells.
Inhibition of autophagy enhances the sensitivity to chemotherapy of cholangiocarcinoma cells in a nutrient-deprived condition.
The rate of cell death after chemotherapy in different nutritional conditions was investigated. QBC939 and RBE cells were cultured in FN or NF medium and treated with 120 µg/ml 5FU or 8 µg/ml cisplatin for 12 h. As presented in Fig. 2A , the cell death rate of chemotherapy-treated cholangiocarcinoma cells was significantly reduced in the cells growing in a nutrient-deprived environment (P<0.05), which demonstrated the greater resistance to chemotherapy of cells in nutrient-deprived conditions.
To determine whether the inhibition of autophagy enhanced the chemosensitivity of cholangiocarcinoma cells, QBC939 cells were cultured in FN or NF media, treated with autophagy inhibitor 3MA and observed for morphological changes with a phase contrast microscope. A marked increase in cell death was observed in the nutrient-deprived group. The dead cells showed typical apoptotic changes, including marked rounding, shrinkage and detachment from the culture dish (Fig. 2B) . Similar effects were further confirmed by DAPI staining, which facilitated the visualization of apoptotic bodies in the 3MA-treated and nutrient-deprived cells (Fig. 2C) . Additionally, a CCK-8 assay revealed that the death rate increased following 3MA and Beclin-1-siRNA treatment in nutrient-deprived conditions (Fig. 2D) .
QBC939 cells were treated with 3MA for 1 h and then incubated with 5FU or cisplatin for 12 h. The rate of cell death was significantly increased in the combination groups (3MA plus CDDP or 5FU), compared with the 5FU or CDDP group, as assessed by cell morphology (Fig. 2E) , DAPI staining (Fig. 2F) or CCK-8 assay ( Fig. 2G; P<0 .05). These results suggest that the inhibition of autophagy contributed to the increased chemosensitivity of cholangiocarcinoma cells during nutrient deprivation. cholangiocarcinoma cells cultured in FN and NF media was investigated. The level of p53 protein in the NF groups was significantly increased compared with the FN groups (P<0.05; Fig. 3A) . Following administration of the p53-inhibitor PFT-α, the activation of autophagy was decreased in nutrient-deprived cholangiocarcinoma cells as indicated by a significant decrease in the numbers of visible autophagosomes on TEM (Fig. 3B) and GFP-LC3 puncta on fluorescence microscopy ( Fig. 3C and D; P<0.01) . Taken together, these data suggest that p53 can activate autophagy in cholangiocarcinoma cells in nutrient-deprived conditions.
Inhibition of p53 enhances chemosensitivity in cholangiocarcinoma cells during nutrient deprivation.
The effect of p53 inhibition on the survival of nutrient-deprived cholangiocarcinoma cells was investigated. The cell lines QBC939 and RBE were treated with 20 µM PFT-α or transfected with p53-siRNA (6231; Cell Signaling Technology, USA), then cultured for 24 h in FN or NF medium. A CCK-8 assay revealed that the suppression of p53 significantly increased the cell death rate of cholangiocarcinoma cells in nutrient-deprived conditions, compared with DMSO-treated NF cells (P<0.05; Fig. 4 ).
QBC939 cells were treated with 20 µM PFT-α for 1 h and then cultured in NF medium combined with 5FU or cisplatin for 24 h. As shown in Fig. 5A and B, cell-death morphology increased markedly when PFT-α was combined with 5FU or cisplatin in nutrient-deprived conditions compared with cells treated only with 5FU or cisplatin. This result was confirmed by CCK-8 assays (P<0.05; Fig. 5C and D) . Taken together, these results indicate that p53 inhibition may increase the chemosensitivity of cholangiocarcinoma cells during nutrient deprivation.
Discussion
Autophagy is one of the crucial catabolic reactions of cells to stimulation or stress (15) . Previous studies have demonstrated that p53 serves a complicated role in autophagy (16) (17) (18) . In the present study, the results indicated that p53 is associated with the induction of autophagy during nutrient deprivation; inhibition of p53 was observed to result in the deactivation of autophagy and increased chemosensitivity in nutrient-deprived cholangiocarcinoma cells.
The effect of p53, a well-studied tumor suppressor, on autophagy is controversial (16) . In the present study, it was demonstrated that the level of p53 was increased in cholangiocarcinoma cells in nutrient-deprived conditions; autophagy induced by nutrient deprivation was inhibited by PFT-α, a p53 suppressor, demonstrating the importance of p53 to the activation of autophagy in nutrient-deprived cholangiocarcinoma cells. These data are consistent with a previous study that demonstrated that p53 regulates the autophagy protein LC3 in order to mediate cancer cell survival during prolonged starvation (17) .
A number of studies have shown that autophagy contributes to chemoresistance and that the inhibition of autophagy enhances chemosensitivity in cancer cells (19) (20) (21) . However, these studies were performed in environments with nutrient availability. In normal conditions during tumor development, ischemic or innutritious environments are ubiquitous. The effect of inhibited autophagy on the efficacy of chemotherapy during nutrient-deprived conditions remains unclear. In the present study, it was demonstrated that the inhibition of p53 contributes to the inhibition of autophagy and an increased chemotherapy-induced cell death rate in nutrient-deprived cholangiocarcinoma cells; this indicates that autophagy is responsible for chemoresistance in cholangiocarcinoma cells during nutrient-deprivation. To the best of our knowledge, this is one of only a small number of reports that inhibition of p53 led to increased chemosensitivity.
Under normal circumstances, cells sustain a certain level of autophagy in order to maintain cellular homeostasis. When cells are confronted with adverse conditions, including nutrient deprivation, autophagy is activated to facilitate cell survival (22) . Factors that affect the autophagic process are of crucial importance in managing a variation in condition. Studies by our group have shown that the inhibition of autophagy increases chemosensitivity in nutrient-deprived carcinoma cells (18) . Therefore, it is hypothesized that p53 inhibition may increase cell death in conditions where autophagy is serving an important role in cell survival.
In certain conditions, particularly where apoptosis is inhibited, autophagy contributes to chemotherapy-induced cell death, and the strict definition of autophagic cell death needs to conform to specific requirements (23) . Furthermore, the difference between 'autophagic cell death' and 'autophagy with cell death' remains controversial (24) . It has become clear that the effect of autophagy is not only to promote cell death; it may also protect cells by allowing them to adapt to adverse conditions (25) . Emerging evidence has indicated that autophagy is addictive in certain types of Ras-driven tumors (26) . Autophagy is also known as type II-programmed cell death and the relationship between autophagy and apoptosis is as yet inconclusive; it may take the form of interdependence or interconversion under certain conditions.
In the present study, the morphology of the cells was observed under the fluorescence microscope following DAPI staining, and morphological changes to the nuclei could be observed. The results demonstrated that the inhibition of autophagy could increase the chemosensitivity of cholangiocarcinoma cells and increase the rate of tumor cell death, and that the mechanism for cell death was apoptosis. In this circumstance, inhibition of autophagy is a feasible therapeutic approach. The data suggest that cholangiocarcinoma cells may gain tolerance to chemotherapy through the activation of autophagy. Accordingly, inhibiting autophagy could be a novel method to improve the efficiency of traditional chemotherapies. However, autophagy-targeting strategies for cancer will require additional clinical trial testing before they can be fully realized.
In conclusion, the data reveals that p53 contributes to cell survival in nutrient-deprived conditions and that the inhibition of p53 increases the chemosensitivity of cholangiocarcinoma cells. Although mutations to p53 are detected in up to 50% of all human tumors (27, 28) , the remainder of tumors maintain the expression of wild-type p53. This implies that tumor cell survival may benefit from the functional status of p53 in specific situations (17) . In response to minor stress, p53 could facilitate cellular homeostasis (29, 30) . Although p53 is better known for its role in the induction of apoptosis, further study by our group may contribute to expanding the understanding of the effect of p53 on cancer therapy. These results elucidate the role of autophagy in cancer formation and progression. Further studies on the molecular mechanism by which autophagy promotes chemoresistance should be considered, and may contribute to the development of therapy against cholangiocarcinoma or other types of cancer.
